Marijuana has been reported to have several effects on the male reproductive system. Marijuana has previously been linked to reduced adult testosterone, however, a study in Denmark reported increased testosterone concentrations among marijuana users. This study was performed to estimate the effect of marijuana use on testosterone in U.S. males. Data on serum testosterone, marijuana use, and covariates for 1577 men from the 2011-2012 U.S. National Health and Nutrition Examination Survey (NHANES) were analyzed. Information on marijuana use was collected by a self-administered computer-assisted questionnaire. Serum testosterone was determined using isotope dilution liquid chromatography tandem mass spectrometry. The effects of marijuana use on serum testosterone concentrations were examined by frequency, duration, and recency of use. Adjusted means and 95% confidence intervals (CI) of serum testosterone across levels of marijuana use were estimated using multiple linear regression weighted by the survey weights. The majority (66.2%) of the weighted study population reported ever using marijuana with 26.6% reporting current marijuana use. There was no difference in serum testosterone between ever users (adjusted mean = 3.69 ng/mL, 95% CI: 3.46, 3.93) and never users (adjusted mean = 3.70 ng/mL, 95% CI: 3.45, 3.98) upon multivariable analysis. However, serum testosterone was inversely associated with time since last regular use of marijuana (p-value for trend = 0.02). When restricted to men aged 18-29 years, this relationship strengthened (p-value for trend <0.01), and serum testosterone was also inversely associated with time since last use (pvalue for trend <0.01), indicating that recency of use, and not duration or frequency, had the strongest relationship with testosterone levels. Serum testosterone concentrations were higher in men with more recent marijuana use. Studies are needed to determine the extent to which circulating testosterone concentrations mediate the relationship of marijuana use with male reproductive outcomes.
INTRODUCTION
Marijuana is the most widely used illicit drug in the United States with an estimated 22.2 million current users (CBHSQ, 2015) . Among men, the prevalence of past-year marijuana use has nearly doubled in recent years (Hasin et al., 2015) . Several studies have demonstrated negative effects of marijuana use on male reproductive health, particularly decreased semen quality (Battista et al., 2008; Rossato et al., 2008; Fronczak et al., 2012; du Plessis et al., 2015) . Furthermore, marijuana use has been reported to increase the risk of testicular germ cell tumors (TGCT) (Daling et al., 2009; Trabert et al., 2011; Lacson et al., 2012) , in particular, nonseminomatous TGCT. The incidence of TGCT, the most common malignancy in U.S. men aged 15-44 years, has been rising since the mid20th century (Ghazarian et al., 2015) , but to date, few established risk factors have been identified (McGlynn & Cook, 2009) .
Marijuana may be related to reproductive health because of changes in circulating hormones, through tetrahydrocannabinol (THC), the principal active component of marijuana, which binds to cannabinoid system receptors (du Plessis et al., 2015) . THC has been shown to have a pronounced regulatory effect on the hypothalamic-pituitary-gonadal axis (Hillard, 2015) . As marijuana laws undergo reform, with the prevalence of marijuana use expected to rise further (Cerda et al., 2012) , the potential effects of marijuana on male reproductive health requires further elucidation.
Testosterone is the principal steroid hormone of adult males with a central role in male reproductive development and has important behavioral manifestations. It has been hypothesized that TGCT, and other conditions comprising the testicular dysgenesis syndrome (Skakkebaek et al., 2001) , may originate from low testosterone in the fetal environment (Juul et al., 2014) , and environmental factors that alter testosterone production may contribute to increasing incidence of TGCT (Sharpe & Skakkebaek, 2008) . The role of androgen disruption after the fetal period, however, has not been evaluated.
Prior studies of marijuana use and serum testosterone levels have produced inconsistent findings. While an early study (Kolodny et al., 1974) reported that testosterone levels were lower among marijuana users, most subsequent studies reported no difference in testosterone levels between users and non-users (Mendelson et al., 1974 (Mendelson et al., , 1978 Cushman, 1975; Schaefer et al., 1975; Coggins et al., 1976; Barnett et al., 1983; Block et al., 1991) . Recently, however, a large cohort study of young, healthy men in Denmark reported increased testosterone concentrations among marijuana users (Gundersen et al., 2015) . Thus, we sought to examine the association of marijuana use and serum testosterone concentration in a large population-based sample of U.S. men.
MATERIALS AND METHODS

Study population
To examine the marijuana-testosterone relationship with sufficient control for demographics and lifestyle factors, we used data from the 2011-2012 National Health and Nutrition Examination Survey (NHANES). NHANES is a cross-sectional survey administered by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC) that collects information from a nationally representative sample of non-institutionalized civilians. In mobile examination centers (MECs), NHANES participants complete a self-administered computer-assisted interview, are physically examined, and provide serum specimens. Testosterone concentrations were quantified in serum specimens collected in the 2011-2012 NHANES cycle. Testosterone concentrations were linked to data from the interviews and physical examinations to identify information on marijuana usage as well as potential covariates. A total of 2376 men had their testosterone concentration determined and were administered the drug questionnaire. Men were excluded if they did not answer information on marijuana usage (n = 676) or if serum testosterone concentrations could not be determined (n = 119). Furthermore, we excluded men with a self-reported generic prescription of testosterone (n = 4). The analytic population consisted of 1577 men.
Data collection
Marijuana use
Information on marijuana use was collected by questionnaire (Appendix S1) using a self-administered computer-assisted system. For analysis, marijuana use was categorized in terms of frequency, duration, and recency using questionnaire data.
Serum testosterone concentrations
Serum specimens were processed, stored, and shipped to the Division of Environmental Health Laboratory Sciences at CDC for central assay. Testosterone concentrations were determined using isotope dilution liquid chromatography tandem mass spectrometry methods traceable to the National Institute for Standards and Technology's (NIST) reference material (Botelho et al., 2013) .
Covariates
Potential covariates considered were age at examination, body mass index (BMI), physical activity per week (hours), race/ethnicity, serum cotinine, cigarette smoking status, diabetes status, fasting length (hours), and time of blood draw. Age was selfreported as a continuous variable. Race/ethnicity was selfreported as mutually exclusive categories: non-Hispanic White (NH White), non-Hispanic Black (NH Black), non-Hispanic Asian (NH Asian), Mexican American, other Hispanic, and other. BMI was determined from the measured weight and height, and categorized into the following WHO groups: <25.0 kg/m 2 , 25.0 to <30.0 kg/m 2 , and ≥30 kg/m 2 . Physical activity per week was the number of hours per week of self-reported vigorous work activity (activity that causes large increases in breathing or heart rate for 10 min continuously), moderate work activity (activity that causes small increases in breathing or heart rate), walking or bicycle for travel, vigorous recreational activity, and moderate recreational activity, and categorized into the following groups: <1 h, 1 to <5 h, 5 to <10 h, 10 to <20, and ≥20 h. Cigarette smoking status was categorized into current, former, and never based on the following questions in men aged 20 or older: (i) 'Have you smoked at least 100 cigarettes in your entire life?' (yes, no, refused, don't know), and (ii) 'Do you now smoke cigarettes?' (every day, some days, not at all, refused, don't know), and on the following question in men aged 18 and 19: (i) 'About how many cigarettes have you smoked in your entire life?' (I have never smoked, not even a puff, one or more puffs but never a whole cigarette, one cigarette, two to five cigarettes, six to 15 cigarettes, 16 to 25 cigarettes, 26 to 99 cigarettes 100 or more cigarettes, refused, don't know) and (ii) 'On how many of the past 30 days did you smoke a cigarette?' Current smokers were smokers who reported more than 100 cigarettes in their lifetime as well as smoking 'every day' or 'some days' or more than 1 cigarette in the last 30 days. Former smokers were defined as those who smoked more than 100 cigarettes in their lifetime and did not currently smoke. Serum cotinine, a biomarker of exposure to tobacco smoke, was determined by isotope dilution liquid chromatography tandem mass spectrometry. Cotinine was categorized into the following groups: <1 ng/mL, 1 to <10.0 ng/ mL, and ≥10 ng/mL. Diabetes status was self-reported with those reporting borderline status considered negative. Fasting length was the self-reported time since the participant last ate food and categorized into the following groups: <1 h, 1 to <3 h, 3 to <6 h, 6 to <12 h, and ≥12 h. The time of blood draw was the session in which the participant was examined (morning, afternoon, evening).
Statistical analysis
All analyses were performed in SAS 9.3 (SAS Institute, Inc., Cary, NC, USA) using survey procedures to account for the sampling design of NHANES. The frequency and proportion of covariates were calculated within categories of marijuana use. Median and weighted mean serum testosterone concentrations were calculated within all categories of marijuana use and within all categories of covariates. Multiple linear regression, weighted by the survey weights, was used to conduct unadjusted and adjusted analyses of serum testosterone concentrations across levels of marijuana use with adjustment for a priori selected covariates, age at examination, BMI, physical activity per week, race/ethnicity, cigarette smoking status, diabetes status, fasting length, and time of blood draw. Least squares means were used to estimate adjusted means and 95% confidence intervals (CIs). Prior to all regression analyses, serum testosterone values were log-transformed to account for a skewed distribution. The exponential function was applied to estimates of log-transformed testosterone values from regression analyses to obtain means and 95% CIs in ng/mL. Tests for trend were constructed for ordinal categorizations of marijuana use with three or more categories, using the median value or mid-value (for categories with a range of values) in each level of marijuana use as a continuous covariate. Two-sided p-values from Wald F tests were reported. To investigate the role of androgen disruption in age groups corresponding to periods of increased risk to seminomatous and nonseminomatous TGCT, all analyses were repeated stratified by age (18-29 years and ≥30 years). In addition, we performed a sensitivity analysis to examine the effect of cigarette use on the association between marijuana use and testosterone concentration. The following variables were included in the model: (i) serum cotinine (categorical and continuous), (ii) time since last cigarette use, (iii) time since last regular cigarette use, and (iv) cigarette use frequency in last month. We also performed analyses stratified by time of blood draw to assess the influence of diurnal variation in testosterone. All analyses were repeated using SAS-callable SUDAAN to obtain predictive margins and 95% CIs.
RESULTS
Weighted mean and median values of serum testosterone by demographic characteristics are shown in Table 1 . Serum testosterone concentrations decreased with increasing age, increasing BMI, decreasing physical activity per week, and later time of day of blood collection. Testosterone concentrations were higher among current smokers, non-diabetics, and NH Black men.
Frequency and weighted proportion of demographic characteristics of the participants are shown by marijuana use status in Table 2 . Ever users of marijuana were more likely to be aged 50 years or older, NH White, and current/former cigarette smokers. Never users were more likely to be physically active for <1 h per week. Ever users and never users did not differ by BMI or time of blood draw. Table 3 shows the weighted associations between marijuana use and testosterone levels. The majority of participants (66.2%) reported being ever users of marijuana. Among ever users, 26.6% reported current use and 50.2% reported ever using regularly. Ever users had an unadjusted mean serum testosterone of 3.84 ng/mL (95% CI: 3.66, 4.02) and never users had an unadjusted mean of 3.70 ng/mL (95% CI: 3.51, 3.91). Serum testosterone was slightly higher among current marijuana users (mean = 4.27 ng/mL, 95% CI: 4.03, 4.53) and among those who ever used marijuana regularly (mean = 4.03 ng/mL, 95% CI: 3.87, 4.21), compared to never users.
In the adjusted model, there was no difference in serum testosterone between ever users (adjusted mean = 3.69 ng/mL, 95% CI: 3.46, 3.98) and never users (adjusted mean = 3.70 ng/ mL, 95% CI: 3.45, 3.98). Slightly higher serum testosterone concentrations persisted in current users (adjusted mean = 3.96 ng/mL, 95% CI: 3.55, 4.42) and ever regular users (adjusted mean = 3.90 ng/mL, 95% CI: 3.56, 4.29) after adjustment, but 95% CIs of mean estimates overlapped widely with those of never users. In a dose-response analysis, serum testosterone increased with decreasing time since regular use of marijuana (p-value for trend = 0.02). There was no dose-response relationship between serum testosterone and time since last use, frequency during regular use, number of joints/pipes smoked per day during regular use, and years of regular use. All estimates were similar when obtaining predictive margins (results not shown). The source population consisted of 1577 non-institutionalized U.S. males aged 18-59 years. b Proportions were determined using survey procedures to account for the sampling design of NHANES. c Least squares means were used to estimate means using survey procedures to account for the sampling design of NHANES. Table 4 shows the weighted associations between marijuana use and testosterone levels, stratified by age group. Among men aged 18-29 years, the adjusted analysis found that serum testosterone levels among ever users were lower than among never users (adjusted mean = 4.03 ng/mL, 95% CI: 3.26, 4.97 vs. adjusted mean = 4.35 ng/mL, 95% CI: 3.40, 5.58). Among ever users, levels in current users were higher than past users (adjusted mean = 4.15 ng/mL, 95% CI: 3.77, 4.58 vs. adjusted mean = 3.86 ng/mL, 95% CI: 3.51, 4.25) and levels among ever regular users were higher than never regular users (adjusted mean = 4.12, 95% CI: 3.68, 4.61 vs. adjusted mean = 3.81, 95% CI: 3.27, 4.44), but neither current users or ever regular users had higher levels than never users. When restricted to men aged 18-29 years, the inverse relationship with time since last regular use strengthened (p-value for trend <0.01) and serum testosterone was also inversely associated with time since last use (p-value for trend <0.01). Among men aged ≥30 years, there was a slight increase in ever users relative to never users (adjusted mean = 3.51 ng/mL, 95% CI: 3.25, 3.77 vs. adjusted mean = 3.41 ng/mL, 95% CI: 3.12, 3.73). Among current users (adjusted mean = 3.81 ng/mL, 95% CI: 3.32, 4.39) and ever regular users (adjusted mean = 3.71 ng/mL, 95% CI: 3.33, 4.13), testosterone levels were slightly higher, but 95% CIs overlapped with never users. The dose-response relationship between Estimated using multiple linear regression with adjustment for age (continuous), race/ethnicity, BMI (continuous), physical activity per week, cigarette smoking status, diabetes status, fasting length, and time of blood draw. c Proportions were determined using survey procedures to account for the sampling design of NHANES.
d Least squares means were used to estimate means using survey procedures to account for the sampling design of NHANES. e p-value of test for trend of categorizations of marijuana use with three or more categories using a continuous variable.
Published 2017. This article is a U.S. Government work and is in the public domain in the USA Andrology, 2017, 5, 732-738 testosterone level and time since last regular was weaker in this age group (p-value for trend = 0.10). Finally, as marijuana use tends to be associated with cigarette use, and cigarette use is known to affect testosterone levels, we performed a sensitivity analysis to control for possible confounding. The analysis resulted in no meaningful change in the relationship of marijuana and serum testosterone in any of the models (results not shown). In addition, there was no meaningful difference for analyses stratified by time of blood draw.
DISCUSSION
In this population-based study of U.S. men, there was no difference in serum testosterone levels among ever users of marijuana compared to never users. We observed, however, a doseresponse relationship between increasing serum testosterone and decreasing time since last regular use indicating that recency of use, not duration or frequency of use, had the strongest relationship with testosterone levels. When we restricted the analysis to men aged 18-29, the inverse relationship with time since last regular use strengthened and serum testosterone was also inversely associated with time since last use.
Prior studies of marijuana use and testosterone levels have produced inconsistent results. An influential early study by Kolodny et al., (1974) reported a significant decrease in testosterone level for marijuana users in a small, highly selected population. While a subsequent clinical study found a similar association (Cohen, 1976) , most subsequent studies reported no association (Mendelson et al., 1974 (Mendelson et al., , 1978 Cushman, 1975; Schaefer et al., 1975; Coggins et al., 1976; Barnett et al., 1983; Block et al., 1991) . Almost all studies, however, whether observational or clinical in design, had small samples sizes. In contrast, the recent Danish study by Gundersen et al. was based on a large sample of young, healthy men and reported higher testosterone levels with greater frequency of marijuana use (Gundersen et al., 2015) . Our results were similar to those of Gundersen et al., however, recency of marijuana use was better correlated with testosterone level than was frequency of use. Estimated using multiple linear regression with adjustment for age (continuous), race/ethnicity, BMI (continuous), physical activity per week, cigarette smoking status, diabetes status, fasting length, and time of blood draw.
c Proportions were determined using survey procedures to account for the sampling design of NHANES.
d Least squares means were used to estimate means using survey procedures to account for the sampling design of NHANES. e p-value of test for trend of categorizations of marijuana use with 3 or more categories using a continuous variable.
The biologic mechanism by which marijuana exerts an effect on hormone production likely involves the response of cannabinoid receptors, CB1 and CB2, to THC. These receptors are functional in male reproductive organs, including the Leydig cells of the testis, the principle producer of testosterone in men. Leydig cell testosterone production decreases with age, but changes in testosterone production also occur as a result of alteration of the intracellular redox environment (Beattie et al., 2015) , which can lead to oxidative stress and damage to cellular components. Environmental factors like marijuana use could play a role in this alteration. Furthermore, Leydig cell aging may explain the more pronounced effect of marijuana among men aged 18-29 years compared to men ≥30 years. As Leydig cells age, they may be less resistant to the detrimental effects of oxidative stress.
Our results indicate that the relationship of marijuana use with serum testosterone is more pronounced among men aged 18-29 years, the age period of increased risk of nonseminoma. Nonseminoma has shown a stronger association with marijuana use than seminoma (Daling et al., 2009; Trabert et al., 2011; Lacson et al., 2012) , however, the extent to which serum testosterone mediates this relationship is not possible without ascertainment of TGCTs in conjunction with serum testosterone and marijuana use.
A particular strength of our study is the use of a large population-based sample representative of the U.S. population with sufficient information on demographic and lifestyle factors. The use of a self-administered computer-assisted interview provided an ideal environment for collection of sensitive information, such as use of marijuana. Perhaps as a result of the confidential setting, 66.2% of the weighted study population reported ever using marijuana. The drug use questionnaire examined marijuana use in great detail, allowing differentiation of frequency, duration, and recency of marijuana use. Also, information on testosterone levels was determined using a standardized central assay with rigorous quality control measures (Botelho et al., 2013) .
A limitation of this study is the cross-sectional nature of data collection in NHANES. Although there is likely a minimal effect of response bias given the frequency at which marijuana use was reported, questions about the timing and frequency of past marijuana use may be difficult to recall. Also, forms of marijuana consumption other than smoking were not captured. Factors such as the amount of sleep the previous night (Auyeung et al., 2015) and physical activity immediately before blood draw (Hakkinen & Pakarinen, 1995; Kraemer et al., 1998) may affect testosterone levels. Adjustment for these variables could not be conducted as NHANES did not collect this information. In addition, NHANES has not measured serum concentrations of other sex steroid hormones, thus it was not possible to examine whether they were associated with marijuana use.
This study is the largest to examine the relationship of marijuana use with serum testosterone levels and the first study to examine the effects by age group. As marijuana use continues to rise in the United States, further elucidation of its relationship with male reproductive health is warranted.
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